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ABSTRACT

A statistical genetic model of a multivariate phenotype is derived to investi-
gate the covariation of pleiotropic mutations with additive effects under the
combined action of phenotypic selection, linkage and the mating system.
Equilibrium formulas for large, randomly mating populations demonstrate
that, when selection on polygenic variation is much smaller than twice the
harmonic mean recombination rate between loci with interacting fitnesses,
linkage disequilibrium is negligible and pleiotropy is the main cause of genetic
correlations between characters. Under these conditions, approximate expres-
sions for the dynamics of the genetic covariances due to pleiotropic mutations
are obtained. Patterns of genetic covariance between characters and their
evolution are discussed with reference to data on polygenic mutation, chromo-
somal organization and morphological integration.

THE course of evolution of the average phenotype in a population in response

to natural or artificial selection is determined by the additive genetic vari-
and covariances between characters. If an individual organism is represented by
a column vector z of polygenic traits z,, . . . , z, with additive genetic and environ-
mental components following independent multivariate normal distributions,
the change per generation in the vector of mean phenotypes from selection is
(Lanpe 1979a)

Az=G VvV InW . (1)

G is the matrix of additive genetic variances and covariances of the characters
and VInW is the gradient vector of the natural logarithm of the mean fitness in
the population, or simply the “selection gradient” with respect to changes in z.
The vector of average phenotypes does not evolve in the direction that produces
the maximum rate of increase in mean fitness, which would be along the selec-
tion gradient, VInW (Apostor. 1962, pp. 175-179). Its direction and speed are
governed by the genetic covariance matrix and the selection gradient. The pres-
ent study concerns the factors that determine the genetic covariance matrix, G,
in large randomly mating populations. Nonrandom systems of mating will be
analyzed in a separate paper.

1 Present address: Department of Biophysics and Theoretical Biology, The University of Chicago, 920 East 58th Street,
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Genetic covariance between traits in a randomly mating population can be
maintained in two ways: through genes with pleiotropic (multiple) effects, and
by linkage disequilibrium (statistical nonindependence) between alleles at dis-
tinct loci affecting different characters. Linkage and pleiotropy are ubiquitous
properties of genetic systems. Most eukaryotes have thousands of genes linked
together in no more than several dozen chromosomes. Pleiotropic mutations have
been discovered in virtually every organism that has been investigated genetically
(Caspart 1952). In fact, pleiotropy may be the rule rather than the exception
among mutations (Gaur 1961; Wricut 1968, pp. 60-61).

The nature and extent of pleiotropy have been studied in both metrical traits
and biochemical systems. For quantitative characters, which are usually influ-
enced by several genes of small effect masked by environmental noise, it is easiest
to observe the effects of the new mutations in a homozygous genetic background;
this also minimizes the chance of mistaking the segregation of tightly linked
loci with independent effects for a single locus with multiple effects. DoBzHANSKY
and Hortz (1943) induced mutations in an inbred line of Drosophila melano-
gaster at the white-eye and yellow-body loci and found that almost all influenced
spermatheca shape. Spracuk, RusseLn and PenNy (1960) and RusseLr,
SpraGUE and PENNY (1963) estimated that among spontaneous minor muta-
tions affecting nine vegetative and seed characters in doubled monoploid and
long-inbred lines of maize, roughly one-fourth to one-half of the total character
changes were due to pleiotropy. Multiple effects associated with a mutant can
be confidently attributed to a single gene when their expression can be traced
backwards through developmental or biochemical pathways to a common cause.
Skeletal mutations of the mouse and human biochemical defects have been par-
ticularly well studied in this respect (GrtONeEBERG 1963; Harris 1970). The
pleiotropic effects of a mutant gene usually originate from one primary develop-
mental or biochemical perturbation that affects different characters either directly
or through compensatory changes in other systems. Causal connections between
manifold effects of a gene are often unknown, and some may be truly autono-
mous, as can be demonstrated using mosaics (STErRn and Toruwaca 1968).

Pleiotropic effects of a mutation often display substantial independence in
their manifestation. The degree of dominance and penetrance may differ among
the traits affected, depending on the environment and the genetic background.
Distinct effects of the same allele are capable of separate modification by arti-
ficial selection, and multiple alleles of a locus sometimes differ not only in the
intensity of the syndromes they produce, but also in the relative involvement of
the various characters (Caspar1 1952; GRUNEBERG 1963, pp. 2-17).

Since quantitative characters generally are polygenic and a large fraction of
all mutations are pleiotropic, different loci must often influence overlapping sets
of characters. The perusal of any extensive list of mutant phenotypes amply
supports this view, e.g., on Drosophila see LinpsLey and GrerL (1968) and
Braver (1956), and on mice consult GReenx (1975, pp. 87-150, 329-336). Shared
specificities of pleiotropic effects between loci are also revealed by abundant
biochemical evidence (e.g., HaporN 1956; Hagrris 1970; Sinceu 1976). Groups
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of loci with overlapping pleiotropic effects often result from originally identical
duplicate genes that have evolved some specificity of expression in certain tis-
sues, developmental stages and/or biochemical reactions. These may be unlinked,
if they arose from a polyploidy event, or tightly linked, if they occurred by
tandem duplication; many examples of each are known (Harris 1970; OuNo
1970). Thus, a complete genetic system consists of many linked genes with mul-
tiple overlapping effects, and there are usually enough genetic degrees of free-
dom in a large stable population so that artificial selection on almost any char-
acter gives a direct response, as well as changes in many genetically correlated
characters (WricHT 1977, pp. 234, 283-288).

Studies of morphological integration, as measured by phenotypic covariance
patterns (e.g., Kurten 1953; Orson and MirLEr 1958; Bere 1960; Baper and
Havrr 1960), have shown that high phenotypic correlations between characters
are associated with functional relationship, homology and contiguity (Pearson’s
rule of neighborhood). However, these categories are not mutually exclusive
in their occurrence, nor in terms of the causal mechanisms of variation involved.
A common situation where function, homology and contiguity all enter is that
of meristic characters such as limbs, digits, vertebrae, ribs, teeth and flower parts.
Duplication of genes affecting a repeated developmental field allows specializa-
tion and localization of gene action, enabling morphological specialization to
occur (OuNo 1970). The tremendous interspecific diversity into which such
polygenic meristic characters have evolved since their origins as undifferentiated
series (e.g., Romer 1966), as well as divergence in their covariance patterns
among populations, also attests to the great adaptability of character complexes
influenced by many genes with overlapping pleiotropic effects in response to
changing selective regimes.

The genetic covariance structure for the traits of a population with such a
complex genetic system results from a balance of forces, including pleiotropic
mutation, recombination, selection and the mating system. A statistical model
of an entire genome, and the multivariate phenotype that it controls, is derived
here to investigate the role of these factors in maintaining the genetic covariance
between characters which determines the course of phenotypic evolution (eq. 1).
The model also helps to elucidate the evolutionary dynamics of genetic covariance
patterns.

THE GENETIC SYSTEM

For simplicity, it is assumed that the genetic and environmental effects are
additive for all traits. Polygenic variation can often be rendered largely additive
by proper choice of measurement scales (WricaT 1952; Farconer 1960, Chap-
ter 17). With additivity on an underlying scale, simple forms of dominance and
interaction due to threshold expression of traits can also be encompassed by this
scheme (Fisger 1930, pp. 111-115; WricHT 1934; GREEN 1962; GRUNEBERG
1963, pp. 3-17).

The pleiotropic effects of an allele from the maternal and paternal gamete at
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locus 7 on a set of m phenotypic traits are denoted, respectively, as column vectors
(with superscript 7 indicating transpose)

X = (Tizy . -« oZim) T and X3 = (2higy i) T (2)
The vector of phenotypic measurements on an individual organism is
2= (24, . ..,2a)7 , (3a)

and, separating this into genetic and environmental effects, the additivity
assumption is

z=g+e=él (x; +x) +e, (3b)

where the summation extends over all » loci.
Writing the allelic effects as deviations from their means,

yi=x;—%; and y;, =x"; — x5 , (4a)

in the absence of sexual dimorphism, the covariance matrix of manifold effects
of alleles at loci Z and j from the same gamete is defined for a population as the
expectation '

Ci; =Elywy,"] =E[y:(y'1)"] (4b)
When i =j, C;; is the covariance matrix of pleiotropic effects at locus i, while
for i#j, C;; is the matrix of covariances between allelic effects due to linkage

disequilibrium. The covariance matrices for the effects of alleles from different
gametes, determined by the mating system, are defined by

C;i =Elyi(y)"] = Elyy"] . (4¢c)

Assuming no genotype-environment correlations, the covariance matrix for
the phenotypic traits, P, can be written as a sum of the genetic and environ-
mental covariance matrices

P=E[(g—g)(g—8)"] T E[ee’] =G+ E . (5)

Without loss of generality, we take € =0. From (5) and (3b), the genetic covari-
ance matrix for the traits can be expressed as a sum of the covariance matrices
for all pairs of alleles in the zygotes

n

G=2i§1 jg“l (Ci;+C';j> . (6)

Although C;; and C’;; are generally not symmetric for 1%, C;; = C7j; and C';; =
(C’;)T, which is consistent with the symmetry of G.

Recombination: The linkage map of the loci is permitted to have any config-
uration with positive recombination rates between all pairs of loci, 7;;>0 for i#;
and r;;=0.

Mautation: A wide range of possible allelic effects is postulated for each locus
for the traits it influences. Mutation is assumed to occur at an equal rate and to
produce the same distribution of changes in effects for all alleles at a locus,
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although these parameters may differ between loci. Let a; signify the vector of
mutational changes in allelic effects at locus i during one generation, including
the nonmutant class. With p; as the mutation rate per generation and b; as the
vector of mutant changes at locus 7, the mean change per generation in allelic
effect is

a; = (1—p:)0 + piby = w;b; (7a)

and the covariance matrices between allele effects at different loci within gametes
after mutation are, using (4)

E[ (y;+a;) (yjta;)T] — a;a;,7 = Cy; for i#j , (7b)

since E[y;a;"] = 0 and E[a;a;*] = a;a;” for i7j. For the pleiotropic effects at a
single locus, the left side of (7b) with i =; becomes

CH + E[aiaiT] — 5i§iT .

It is more revealing to partition these pleiotropic covariances into the average
covariances within nonmutant and mutant groups of alleles in the population,

(1—p:) Cii + i {Cis + E[ (bi—b;) (bi—b;)7]}

plus the covariation between the means of these two groups, u;(1—u;)b;b;7,
giving a total change from C;; of

Ui = Mi E[ (bz—l—-’q) (b,_l_),)T] + M (1—“11.,')1){1-)1;1' . (7C)

The covariances between loci from linkage disequilibrium are unchanged by mu-
tation (eq. 7b), while the pleiotropic covariances are augmented both by the dis-
persion and directionality of the mutational changes, except when p;=1 (eq. 7c).
The influence of mutation on C;; can thus be written as an additive contribution
8;;Ui, where U; is the constant symmetric matrix in (7¢) and 8;;=1, if i=j, and
zero otherwise. The mutation matrices, U;, will usually be singular, since each
locus does not affect all characters, and the pleiotropic effects of multiple alleles
ata locus may be strictly proportional (statistically dependent).

This mutation model entails a constant rate of production of additive genetic
variance and covariance between traits, irrespective of the background level of
genetic variation in the population, which seems consistent with experimental
studies on artificial mutagenesis in homozygous and heterozygous strains (review
in Lanpe 1977). It is a generalization of a mutation process introduced by
Kimura (1965) for a single polygenic character.

Selection: In a large population with discrete generations where selection on
adults is followed by mating, recombination, mutation and reproduction. the
method of Lanbe (1977) for a single polygenic character can be extended to
multiple characters. The dynamic equation for the genetic covariance structure,
measured in the juvenile stage, appears as

Cij(tt1) = (1—ri;) [Cij () Joo + i [ €45 (8) Joo + 855U . (8)

"This is not a complete recursion system until the covariance matrices after selec-
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tion. designated by the subscript w, can be expressed in terms of those before
selection. To evaluate the results of selection, consider the matrix formulation
of conditional covariance for multivariate normal distributions (cf., KenpaLL
and Stuart 1973, Chapter 27),

Cij = BiPBjT + Ci,j-z . (9a)

The last term is the residual covariance matrix x; with x; for fixed z, and B;
is a matrix of partial regresssion coefficients of x; on z,

B, =C;.P* (9b)
with

Cio = E[(x—%0) (57 = 2 (CiC) . (9¢)

The genetic covariance matrix of the characters can be expressed from (6) and
(9¢) as

6=23% Ci . (10)

Postulating that selection acts only on the phenotypic traits, with individuals
of phenotype z having fitness W (z), a useful relation is that neither the matrix
of partial regression coefficients, B;, nor the residual genetic covariances for fixed
z, Ci;... are altered by selection, although all of the covariance matrices C;; may
change (Pearson 1903; Hazer 1943; Cocuran 1951). Thus, after selection

[Cij]w‘:— Bi[P]wB,‘T'f‘Cij.z . (11)

This remarkable fact can be intuited geometrically by visualizing the regression
equations x; — X; = B;(z—Z) + x;.. and considering phenotypic selection as
weighting the distributions of residual variation in x; for different values of
z, ;... Since the residuals are homoscedastic with zero means, evidently such
weighting does not distort the residual variation or the regression functions.
Employing (9a) to eliminate C;;., from (11) gives

[Cij]w = Ci; — Bi(P—[P],)By" (12a)
and similarly for the effects of alleles at loci i and j from complementary gametes.
[Ci]w=C1; — B:(P—[P]y)B;" . (12h)

Substituting these into (8) produces
ACi; = —1i;(Ci; — C5) — Bi(P — [Pl) B;" +8,;Us . (13)

A Gaussian fitness function can be used to approximate many forms of weak
stabilizing selection in the vicinity of an optimum phenotype vector, z,

W(z) = exp {—(1/2) (z—2) W (z—2)7} (14a)

where W is a positive definite symmetric matrix. Then, if z is multivariate
normal, it can be verified directly or by series expansion that

Pley=(P*+W)t=P—-P(W-+P)'P .,
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.and with (9b) the change in C;; from selection in equation (13) is
—Ci.(W+P)2C7%;, , (14b)

which is independent of the mean genetic effects. The preceding calculations are
thus valid even if the optimum phenotype, z, fluctuates with time.

In a constant environment with Z fixed, the eventual equilibrium of the mean
phenotype, z, may differ from the optimum because of directional mutation
pressure. Equilibrium is attained when the change from selection (eq. 1) cancels
that from directional mutation at all loci (eq. 7a),

GVIniW =—2 3 & =—a . (15a)

The final discrepancy between the mean phenotype and the optimum for the
Gaussian fitness function is

7—7=(W+P)Ga. (15b)

Although the mean phenotypes or genotypes of the traits converge to an equilib-
rium, there may be considerable indeterminacy in the mean effects of the
individual loci if the number of degrees of freedom for changing allelic effects
at all loci exceeds the number of linearly independent adaptive characters, thus
allowing substantial random genetic drift among genotypes without altering
the distribution of phenotypes or the additive variation for the characters (cf.,
Lanpe 1976).

Random mating: There is no covariance between the effects of alleles in unit-
ing gametes under random mating, €’;; = 0. Using (9¢), (13) and (14). the
dynamics of the genetic covariances become

AC;i; = —r;jCij — C; . (WHP)2CT; . + §;;U; with Ci,z:j_’El] Ciy . (16)

A solution of this system of matrix equations must satisfy the symmetry condi-
tions C;; = C7;;. Here, we seek an approximate solution and conditions when
pleiotropy predominates in determining the genetic covariances between char-
acters, and linkage disequilibrium makes minor contributions. It is anticipated
this will occur when loci with interacting fitnesses are loosely linked and selection
on the genotype is weak (WricHT 1969, pp. 72-105, 477), although the form
of both the conditions and the solution remain to be found. Furthermore, the
precise analysis by FLeming (1979) of a particular case of this process (with
U; of rank 1 and b; = 0) indicates that the normality assumptions of equations
(9a) and (12a) are most accurate with weak selection.
The off-diagonal equations in (16) at equilibrium have the solution

Cij = —Ci,z(W-I-P)‘lCT,-,Z/r,-j fOI‘ l#] . (17)

A condition for linkage disequilibrium to constitute a small part of the expressed
genetic variability is

xTGx >> 2x* 2%2 C;;x for all x#0 .
17=)
Assuming that every character is polygenic and that C; .(W -+ P)-*C*; . among
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pairs of loci is nearly independent of 7;;, a small contribution can be added on
the right, 2x"s C; .,(W+P)-'CT, .x/# where # is the harmonic mean recombi-
nation rate between loci with interacting fitness (C;; # 0), and using (10) this
yields x7Gx >> x"G(W+P)~*Gx/2r for all x # 0. Applying the transformation
x* = G/*x produces the condition

X”’Gl/z (W+P) —1G /2

x*Tx*

<< OF (18)

Amax. = mMax
X.

The positive real number An.x is the largest eigenvalue of the matrix in (18)
or of (W+P)-'G or its transpose, since these are all similar matrices having
equivalent eigenvalues (GanTmacHeR 1960, pp. 147-128, 310-322). With free
recombination, 7#=1/2, this is simply a condition for weak selection on the
genetic variation of all characters (and their linear combinations), with tighter
linkage requiring weaker selection.

Under weak selection on the genotypes, W+P ~ W+E = W, when linkage
disequilibrium can be neglected, C; . =~ C;;, the dynamics of the covariance mat-
rix of pleiotropic effects at each locus can be approximated in continuous time
from (16) by the equation

dCy; -
—a-t— =~ ""C“W"ICM + Ui . (19)
If W is non-singular, there exists a non-singular matrix Q; = K;"W-/? where
K; is an orthogonal unitary matrix (K;”=K;?) which can be chosen such

that
Q:WQ,7=1 and W-2U,W-v2=K;DK” (20)

with D; a diagonal matrix (GanTmacHER 1960, pp. 310-314). The transforma-
tion QiCHQiT = XH carries (19) into
dX;
dz

From the initial condition X;;(0) = 0, X;;(#) is evidently diagonal for all time,
even under changing selection pressures for which Q; would be time dependent.
Then, for any subsequent initial condition, X;;(#) = Q:C;;(2,)Q:7 equation
(21a) has the solution

Xii (1) = D2 — ([Dv2 — X, (2,) 1 'exp{2D; V2 (1—11) }
+ (1/2)Di/2[T—exp{2D; 2 (1—1,)}1)* . (21b)

The rates of equilibration of the different components of variation at locus i are
given by the elements of the diagonal matrix 2D;/?, which from (20) are the
eigenvalues of 2(W-1U;)¥/2 and similar matrices. The equilibrium contribution
to the genetic covariance matrix from lotus i is obtained from the inverse
transformation of the first term, and using (20) this is found to be

= -——XZM + D; . (213)

Ci; = “7'/1/2\/‘37-1/2[]1,@/—1_/2 wi/2 , (21c)

where the matrix square roots are taken to be. positive semidefinite. Then (17)
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becomes C;; = C;;W-'C;;/ri;. The dynamics of the total genetic covariance
matrix follow the formula

G(t) =2 él Qi X (1) (Q:iH)T . (22a)

For a single polygenic character with W +P =w?+ 0.2, G + E = ¢,* + o.°
and U; = u; starting from a homozygous population at #, = 0, genetic variance
from mutation accumulates according to

2
1+ exp{Qt\/m

0r () =2 3 Vi@ Fad (1- ). (22v)
The more mutable loci (with higher values of u;) contribute more to the equi-
librium genetic variance and have the faster rates of equilibration. The time
scale of equilibration for the genetic variance of a weakly selected character
with r; equally mutable loci [w? >> o.? and u; = on?/(2ns), where o, is the
total mutational variance for the character] is about

1 ng 0'32

TV Loi i (220)

T -
generations, where L = o,%/(2u?) is the selective load in a large population under
weak stabilizing selection with mean phenotype at the optimum (Lanpe 1976).
For evaluation of = from data cited in the discussion, note that the heritability,
h? = 0,%/a,?, of most morphological characters in large stable populations is
between about 0.1 and 0.6 (Farconer 1960, Chapter 10). With loci of unequal
mutability, the rate of equilibration is initially faster but ultimately slower than
in the case of equally mutable loci. Selection on pleiotropic effects will further
alter the evolution of each locus (eq. 21), but the time scale for changes in the
genetic covariances between traits, G;;, may be on the same order of magnitude
as for the genetic variance of a particular character, G;; (eq. 22a).

DISCUSSION

Genetic correlations between characters in a large randomly mating popula-
tion arise from pleiotropy and linkage disequilibrium created by selection. When
selection on polygenic variation is weak compared to twice the harmonic mean
recombination rate between loci with interacting fitnesses, pleiotropic mutation
is the major factor maintaining genetic correlations between traits, with linkage
disequilibrium contributing relatively little (eq. 18). The genetic covariance
matrix of the characters is then determined by a balance between the patterns
of pleiotropic mutation and multivariate selection on the phenotype. This may
apply to most morphological characters in higher organisms that have an “effec-
tive” (or minimum) number of loci, ng, of about 5 to 10 spread throughout the
genome (WricHT 1952, 1968, Chapter 15; 1969, pp. 72-105; RoBerTson 1968) ;
natural selection on morphological characters (including indirect selection act-
ing through phenotypically correlated traits) is usually not very strong, with
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phenotypic loads, L, ranging from a few to several percent (Jornson 1976, pp.
171-182).

The low probability of linkage between functionally related loci in eukaryotes
(versus prokaryotes) is made possible by the evolution of separate control ele-
ments for each locus and has subsequently evolved by two mechanisms. The first
is chromosomal rearrangement, especially the fixation of inversions, fusions and
fissions; of lesser importance in outbreeding populations are reciprocal translo-
cations. This process is so slow that even diverse mammals (which, for verte-
brates, have relatively rapid rates of chromosomal rearrangement) are expected
to show many homologous gene sequences preserved from their common ances-
tors. The second mechanism, which is also slow and probably no longer operates
in higher vertebrates, is polyploidy followed by random loss or change of func-
tion at some of the duplicated loci. This would tend to scatter the loci influencing
a given trait among different chromosomes, and would unlink previously linked
genetic functions by complementary inactivations or changes in duplicated
blocks of genes (OuNo 1970; Boomer 1975; LarLey, Minna and FrRankEe 1978;
Lanpe 1979b).

The strongest force opposing the positional randomization of functionally
related loci is tandem duplication. From the number of known cases (Hagrris
1970; Ouw~o 1970), it is apparent that tandem duplication and differentiation
sometimes is more rapid than chromosomal rearrangement and polyploidy. Al-
though tight linkage between genes with interacting fitnesses can produce sub-
stantial linkage equilibrium (eq. 17), mere duplication of genes is not sufficient
for linkage to influence the genetic covariance between phenotypic traits. Not
only must the loci be tightly linked, but they must be differentiated in the array
of phenotypic effects they produce. By use of the same transformation in (20) for
each locus, and equations in Lanpe (1976), it can be shown that the recombina-
tion rates between identical duplicate genes (which may be expressed to different
degrees) do not influence the genetic covariances maintained between traits.

At the opposite extreme, when the loci affecting two characters have become
entirely distinct by the chromosomal processes discussed above, any genetic cor-
relation must be due to linkage disequilibrium. Consider two genetically distinct
characters with n;, and n, loci (or “segregating factors”), respectively. For each
character, the loci are assumed to be of equal effect and unlinked so that in a
randomly mating population they are approximately in linkage equilibrium.
Then, if n* (< minimum of n, and n.) pairs of loci for the two characters are
linked, the genetic correlation between the traits, y, due entirely to linkage
disequilibrium, has the upper bound y < n*/V mn,. Thus, linkage may play a
significant role in maintaining the genetic correlations between characters only
if a substantial fraction of the effective number of loci influencing two charc-
ters under correlated selection are tightly linked. This conclusion does not depend
on the degree of dominance, the tightness of linkage or the particular mutation
model; its validity rests only on additivity of phenotypic effects between loci.
Numerical analysis of equations (16) for this case demonstrated that under
weak correlated selection on the characters (cf., condition 18), the upper bound
on y is closely approached only with very tight linkage between the loci affecting
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genetically distinct traits. Further numerical calculations for a variety of pleio-
tropic mutation, selection and recombination schemes confirmed that the general
dynamic equations (16) for the genetic covariation have a unique equilibrium,
which is globally and asymptotically stable.

Observed rates of production of additive genetic variance by spontaneous muta-
tion in quantitative traits average roughly 10-3 times the environmental vari-
ance for characters of maize, mice and Drosophila. Total mutation rates are
often in excess of 102 per gamete per character per generation, with extensive
pleiotropy (East 1935; RusserL, SPracuk and Penny 1963; Muxar 1964;
Muxkat et al. 1972; Hor-SEx 1972). These mutation rates are sufficient to main-
tain typical levels of heritable variation in large populations under stabilizing
selection (Lanpe 1976). The highly mutability of metrical traits results because
(1) they are usually polygenic and (2) the rate of mutations declines exponen-
tially with the magnitude of their effect (Grecory 1965, 1966), so that spon-
taneous quantitative mutations for typical morphological characters are orders
of magnitude more frequent than the usual single-locus rates for major mutants.
Unequal crossing over in highly repetitive tandem gene families may also con-
tribute to the high mutability of quantitative characters (FrRaANKHAM, BriscoE
and NurtHeN 1978). (For further review of quantitative mutation, see WricHT
1977, Chapter 5).

The virtual ubiquity of pleiotropic genes with overlapping specificities and
the high mutability of polygenic traits indicate that complex genetic systems are
sufficiently flexible to show substantial changes in the covariance between traits
in response to a change in the regime of selection. With realistic mutation and
selection parameters, as above, the time scale for changes in the genetic covar-
iance structure may be as short as a few thousand generations (eq. 22 and numer-
ical analysis of 16). Although a sudden alteration of the pattern of stabilizing
selection can produce a geologically rapid change in the genetic covariances
between characters, for some characters in natural populations the genetic struc-
ture is rather stable during long periods of time (e.g., LanbE 1979a) due to con-
servation of the patterns of mutation and stabilizing selection around a (moving)
optimum phenotype (eq. 14a).
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